The pollution of water has been one of the greatest problems faced by the modern society, due to industrialization and urban growth. Rivers, lakes and seas have been continually suffering from the rising concentration of various pollutants, especially toxic elements. This study aimed to evaluate the use of cashew nut shell (Anacardium occidentale) (CNS), after chemical modification with H 2 O 2 , H 2 SO 4 and NaOH, as an new and renewable adsorbent material, for the removal of metals Cd
Introduction
Daily, toxic metals are released into the environment, whether in the form of mining waste, fertilizers and pesticides, or through domestic and industrial waste, as well as activities of tanning leather, wood preservation, paints, textiles and metallurgy, among others. These metals, in most part, are accumulative and characterized by latent toxicity, causing numerous damages into the biological cycles and trophic chain (Perugini et al. 2011; Nacke et al. 2013) .
Cadmium (Cd), lead (Pb) and chromium (Cr), for example, are harmful to human health. Cd accumulates easily in the circulatory system, kidney (renal cortex mainly), lung and heart, it is toxic to bones and gonads, while Pb has carcinogenic properties damaging the digestive and respiratory and immune systems; in children it mainly affects the 1 3 96 Page 2 of 21 intelligence and the nervous system (Zhong et al. 2016) . Cr can exist in various states of oxidation (Apte et al. 2005) , in conditions of pH > 6.0, predominantly at the form of Cr(OH) 3 . Cr(III) is involved in maintaining levels of glucose, cholesterol and triglycerides, performing, therefore, essential role as a nutrient to living organisms (Apte et al. 2005; Frois et al. 2011 ). However, under certain conditions it can be oxidized to Cr(VI), causing serious environmental consequences, due to its high solubility and mobility, as well as being harmful to the skin, liver, kidney and respiratory organs, causing diseases such as dermatitis, renal tubular necrosis, perforation of the nasal septum and lung cancer (Apte et al. 2005; Frois et al. 2011; Zhong et al. 2016) .
Treatment techniques and processes have been used for the removal of pollutants from water, such as: precipitation, ion exchange, electrochemical treatment, flocculation, filtration and ozonization, which are used for wastewater decontamination with toxic metals. Generally, these techniques are limited by its eventually high costs or its technical viability, especially when used to remove dissolved metals in large volumes of water, generating large amounts of solid wastes, which are maintained and stored, causing another serious problem (Kanitz Junior et al. 2009 ). One of the most popular methods is adsorption, especially when using activated carbon, although its high cost restricts its usage. In this way, the use of natural adsorbents can represent an excellent alternative, providing in many cases the same efficiency that activated carbon with lower costs (Zhao et al. 2011) .
The use of biosorbent is a promising technology for the removal of toxic metals and other pollutants from aqueous solutions, as observed by the solid wastes from cassava industry , pie of Crambe abyssinca Hochst Rubio et al. 2013a, b) , pie of Moringa oleifera Lam. (Gonçalves Jr. et al. 2013b; Meneghel et al. 2013) , biomass of Jatropha (Jatropha curcas) (Nacke et al. 2016) , wheat straw , mussel shell, pinus ashes, oak ash, pinus bark and hemp residues (Quintans-Fondo et al. 2016a, b, c) . Although the economic benefits of nontransformation of biomass, studies are being carried out in order to increase the potential of biosorbents removal capacity, with the goal of giving new functional groups on the adsorbent surface through superficial chemical modifications on adsorbents mostly from vegetable origin (Wan Ngah and Hanafiah 2008; Schwantes et al. 2015 Schwantes et al. , 2016 .
The cashew areas (Anacardium occidentale L.) are expanding mainly by its great agronomic potential in Brazil and for its potential use of co-products (Moreira et al. 2013) . The cashew tree is a tree native from Tropical America, producer of edible nuts and succulent stems (pseudofruits) widely consumed by the population of many countries (Leitão et al. 2013; Muianga et al. 2016 ).
The world production of cashew nuts is estimated of 4,280,000 tons, in which 20% of the fruit consists of shell, with world annual bark production estimated of 856,000 tons, being in Brazil 54,000 tons (Coelho et al. 2014) .
After obtaining the shell of cashew nut (CNS) and its oil, the solid wastes are disposed inappropriately in the soil, causing environmental problems. As a result, Coelho et al. (2014) evaluated the removal of Cd 2+ , Pb 2+ and Cr 3+ from aqueous solutions by natural cashew nut as a biosorbent, i.e., with no chemical modification, obtaining good results for the removal of these metals from aqueous solutions. Despite the use of biosorbents, many studies highlight that after simple chemical modifications most part of natural adsorbents may have its adsorption capacity increased with little or insignificant increase in costs. In addition, there is still very little information about the efficiency of CNS biosorbent after chemical modifications and its efficiency on the removal of pollutants. In this way, this work aimed to evaluate the increased efficiency of CNS chemically modified for the removal of Cd 2+ , Pb 2+ and Cr 3+ .
Materials and methods

Sampling and preparation of adsorbents
The adsorbents produced from the shells of cashew nut (Anacardium occidentale L.) were obtained at Curionópolis (PA), which were transported to the Laboratory of Environmental and Instrumental Chemistry of State University of Western Paraná-UNIOESTE, campus of Marechal Cândido Rondon. The shells of cashews (CNS) were separated from the almonds, crushed in a blender and dried at 60 °C for 36 h. Subsequently, the oil from the shell was extracted through the Soxhlet-type system with n-hexane (C 6 H 14 , nuclear). The materials were again dried at 60 °C for 48 h and sieved in mesh 14 and 65, for the standardization of particles size between 0.212 and 1.40 mm, resulting in the in natura material. Chemical modifications were carried out by immersing the in natura material in 1.0 mol L −1 of H 2 O 2 , H 2 SO 4 and NaOH, at a rate of 1:10 (m/v) with constant stirring 150 rpm for 6 h at 60 °C. Then, the modified adsorbents were washed with ultrapure water to remove the excess of modifying solution and finally were dried at 60 °C, until constant weight.
Characterization of adsorbent materials
The concentration of metal elements (K, Ca, Mg, Cu, Fe, Mn, Zn, Cd, Pb and Cr) was determined through nitropercloric digestion (AOAC 2005), followed by determination by FAAS, with certified standard curves of all metals (GBC 932 AA).
The analysis of scanning electron microscopy (SEM), infrared spectroscopy (FTIR), thermogravimetry (TG/DTG), specific surface area, pore diameter and volume, was carried out in the Department of Chemistry of the Londrina State University (UEL) at Londrina, Paraná.
The surface morphology of the materials was obtained by scanning electron microscopy (SEM), with a microscope JEOL KAL 6360-LV, equipped with energy-dispersive microscopy.
In order to determine the main functional groups in adsorbents, infrared spectroscopy analysis was performed, with a spectrometer FTIR-Fourier Transform 8300 (Infrared Spectrophotometer, Shimadzu), in the region between 400 and 4000 cm −1 with a resolution of 4 cm −1 , in which the spectra were obtained by using transmittance KBr pellets.
For the determination of the point of zero charge (pH PZC ) of the adsorbent, 500 mg of mass was added at 50-mL erlenmeyer, containing KCl solution of 0.5 mol L −1 . The solutions had pH adjusted ranging from 2.0 to 9.0, resulting in eight samples per adsorbent. After 24-h stirring (200 rpm), the final pH values were obtained (pH f ) in function of the initial pH (pH i ), being the pH PZC corresponding to the point of null pH variation (Mimura et al. 2010) .
The thermal stability of adsorbents was determined by thermogravimetric analyzer (TGA 4000 PerkinElmer), where samples were heated from 30 to 900 °C with heating rate of 10 °C min −1 , under N 2 atmosphere. In order to verify the pore structure of adsorbents were determined the specific surface area (SSA), volume and pore size of the adsorbent materials using the equipment Quantachrome NOVA 1200e. To this end, 500 mg of materials was heated to 200 °C under vacuum for about 4 h, followed by adsorption and desorption of nitrogen. The surface size and pore volume were calculated using the standard Brunauer, Emmett and Teller (BET), and a pore size was obtained using the method of Barrett-Joyner-Halenda (BJH), according to Eqs. 1 and 2:
where p and p 0 are the equilibrium and the saturation pressure of adsorbates at the temperature of adsorption, v is the adsorbed gas quantity, and v m is the monolayer adsorbed gas quantity. c is the BET constant, adapted from Barrett, Joyner and Halenda (1951) .
where γ is the surface tension of liquid nitrogen; v 1 is the molar volume of the liquid; R is the universal gas constant,
T is the temperature (77 K), r m is the radius of the meniscus, and p/p o is the relative pressure, adapted from Brunauer et al. (1938) .
Multivariable analysis for the influence of mass and pH
The ideal conditions of adsorption were defined with the use of a central composite design (CCD). Tests of adsorbent mass and pH were performed with 5 increasing values (250.0, 396.4, 750.0, 1103.6 and 1250 .0 mg) and 5 pH conditions (3.0, 3.6, 5.0, 6.4 and 7.0 in which Q ads is the amount of adsorbed metal per gram of adsorbent (mg g −1 ), m is the mass of adsorbents (g), C 0 corresponds to the initial concentration of ion in solution (mg L −1 ), C f is the ion concentration in solution (mg L −1 ), and V is the volume of solution (L). 
Kinetic mechanism of adsorption
With the obtained results from previous tests, we determined the optimal time of sorption of metals. Thus, 200 mg adsorbents were stirred for 12 different time intervals (5, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160 and 180 min) containing 50 mL monoelementary water solutions at 10 mg L −1 and pH 5.0. Solutions were filtered through qualitative filter paper, and the equilibrium concentration was found by FAAS determination. To evaluate the kinetic mechanism that controls the adsorption process, pseudo-first-order (Eq. 4), pseudo-second-order (Eq. 5), Elovich (Eq. 6) and intraparticle diffusion models (Eq. 7) were used (Ibrahim 2010; Han et al. 2010; WitekKrowiak et al. 2011). in which Q eq (mg g −1 ) and Q t (mg g −1 ) are the quantities of adsorbate retained per gram of adsorbent in equilibrium and in time t, respectively, and K 1 (min −1 ) is the rate constant of pseudo-first order ().
in which K 2 (g mg −1 min −1 ) is the rate constant of pseudosecond order. Unlike the pseudo-first-order model, this model predicts the kinetic behavior over the entire range of adsorption time (Ho and Mckay 1999) .
in which A and B are constants, and A corresponds to the speed of initial chemisorption (mg g −1 h −1 ) and B is the number of suitable sites for adsorption, which is related to the extent of surface coverage and the activation energy of the chemisorption (g mg −1 ) (Witek-Krowiak et al. 2011) .
in which K id is diffusion intraparticle constant (g mg
) and C (i) suggests the thickness of the boundary layer effect (mg g −1 ) (Han et al. 2010 ).
Efficiency of adsorption and desorption
The experimental conditions were based on results of mass, pH and time obtained in the previous tests. Thus, 200 mg adsorbents containing plus 50 mL of rising concentrations of monoelementary water solutions of Cd 2+ , Pb 2+ and Cr 3+ (5, 20, 40, 60, 80, 100, 120, 140, 160 and 200 mg L −1 ), at pH 5.0, were stirred at 25 °C and 200 rpm
for 40 min. The solutions were then filtered through qualitative filter paper, and the equilibrium concentration was determined by FAAS. The Q ads was calculated according to Eq. 1, and the percentage of removal of metals was calculated according to Eq. 8: in which %R is the percentage of ion removal by adsorbent, C f is the final concentration of ion (mg L −1 ), and C 0 is the initial ion concentration in solution (mg L −1 ). In order to check the reusability of adsorbents, the already used adsorbents were separated from the aqueous solution by filtration, through a quantitative filter paper and oven-dried at 60 °C for 24 h. The obtained mass was placed with 50 mL HCl solution (0.1 mol L −1 ) and then stirred for more 40 min (200 rpm at 25 °C). After that, the samples were filtered and the final solution was used for determining the final concentrations of desorbed metal. The desorption percentage was calculated using Eq. 9: in which C eq(des) (mg L 
Adsorption equilibrium
By the influence of initial concentration, adsorption isotherms were constructed by linear mathematical models of Langmuir (Langmuir 1916 ), Freundlich (Freundlich 1906) and Dubinin and Radushkevich (1947) , respectively, according to Eqs. 10, 11, 12, 13 and 14, being the standard error (SE) determined by the method of least squares.
in which C e and C eq represent the concentration at equilibrium and Q e or q eq the amount adsorbed at equilibrium per unit of mass of the adsorbent. The two parameters of the Langmuir isotherm K L or b and C m reflect properly the nature of the adsorbent material and can be used to compare the performance of adsorption. Langmuir parameter C m is related to the maximum capacity of adsorption and K L or b with adsorbent-adsorbate interaction forces.
c eq(ads) × 100
in which C eq or C e is concentration on balance and q eq or Q e is the amount adsorbed at equilibrium per unit of adsorbent mass; K F and n are the two parameters of Freundlich.
in which Q eq is the amount adsorbed ion per unit of adsorbent mass (mol g
), B d is an coefficient related to the sorption energy (mol 2 J −2 ), and "ε" is the potential of Polanyi (Eq. 14).
in which R is the universal gas constant (kJ mol −1 K −1 ), T is the temperature (K), and C eq is in liquid-phase equilibrium concentration (mol L −1 ) (Dubinin and Radushkevich 1947; Njoku et al. 2011 ).
Influence of temperature
Tests aiming to study the influence of temperature on adsorption were performed. For this purpose, 200 mg adsorbent material plus 50 mL solution containing 50 mg L −1 Cd 2+ , Pb 2+ and Cr 3+ , at pH 5.0, was shaken at 200 rpm at different temperatures (15, 25, 35, 45 and 55 °C) .
With the results, we calculated the parameters of Gibbs free energy (ΔG), enthalpy (ΔH) and entropy (ΔS), in order to evaluate the thermodynamic parameters and investigate the nature of the process (Sari et al. 2007 ).
in which K d corresponds to the ratio of the quantity adsorbed per unit of adsorbent (Q eq ) and solution concentration in equilibrium (C eq ), R is the universal gas constant (8.314 J mol −1 K −1 ), and T is the temperature (K). The values of ΔH and ΔS were obtained from the graph of ln K d in function of 1/T.
Results and discussion
Characterization of adsorbent materials
The characterization of the total chemical elements of adsorbents is exhibited in Table 2 . The decrease in amount of K, Ca, Mg, Cu, Zn, Fe and Mn by the solutions H 2 O 2 , H 2 SO 4 and NaOH is observed, i.e., the solutions caused modification on chemical composition of the adsorbent materials. This can be explained by the characteristics of each modifying agents, such as oxidation (H 2 O 2 ), solubilization of organic groups (NaOH) and dehydration (H 2 SO 4 ) . The levels of Cd, Pb and Cr were not detected in CNS in natura. There was an increase for the concentration of Cd, Mn and Cr after modification, which might have occurred through contamination of materials due to the modifying agent itself, which in its composition contains low levels of these elements.
The microstructures of CNS in natura were observed at 160×, 1200× and 12,000× of amplification and modified adsorbents in resolutions of 50×, 400× and 1600× (Fig. 1) . The CNS in natura surface, according to Fig. 1a -c, presented lamellar aspect, irregular and heterogeneous structure, which according to Rubio et al. (2013a) and Coelho et al. (2014) favor the adsorption of metal ions.
For the CNS H 2 O 2 ( Fig. 1d-f ) can be observed irregularities on the adsorbent surface, which after modification exhibits sponge-shaped aspect, with cavities in the form of pores due to the oxidizing power of H 2 O 2 . The CNS H 2 SO 4 also configured irregularities, heterogeneous surface with cracks and pore-shaped cavities, probably due to the dehydrating action of sulfuric acid H 2 SO 4 (1.0 mol L −1 ) ( Fig. 1g-i) . The CNS NaOH presented irregular surface, with heterogeneous surface and cavities ( Fig. 1j-l) , possible in function to the high solubility of NaOH, which is also a strong base. According to the characteristics observed by micrographs, it can be stated that the adsorbents may have conditions to adsorb metals, in function the modifications on their surfaces. The FTIR spectra in the range of 400-4000 cm −1 for the bark of A. occidentale L. in natura and modified with H 2 O 2 , H 2 SO 4 and NaOH ( Fig. 2 ; Table 3 ) exhibit the possible presence of anionic functional groups (hydroxyl, carboxylic acid and amines) on the adsorbent surface as well as the modification of the surface of CNS by modifying agents.
The band at 3400 cm −1 can be attributed to the vibrational stretch of O-H bond, suggesting the presence of hydroxyl groups (OH − ) from cellulose, lignin, amine groups (NH 2 − ) and amides (Munagapati et al. 2010; Rubio et al. 2013a; Coelho et al. 2014 ). The vibrational stretching at 2925 and 1380 cm −1 may be from C-H bonds of alkanes and aliphatic acid groups as described by Coelho et al. (2014) for the shell of cashews in natura, and this stretch also found in other biomass adsorbents like the pie of Crambe abyssinica H. (Rubio et al. 2013a, b) . The carboxylic groups and amides can also be found in bark of cashews at 1640 cm −1 assigned to the stretching vibrational bonds C=O (Monier et al. 2010; Han et al. 2010) .
The band at 1076 cm −1 suggests the presence of C-O from aromatic groups (Garg et al. 2007) , confirming the presence of lignin structure in the shell of the cashew nut. Smaller wavelength at 800 cm −1 can also be attributed to N containing bio-binders (Barka et al. 2010) . Vibrational elongation of bond C-N can also be found by the presence of a band at 700 and 667 cm −1 (Salem and Awwad 2011) .
The CNS that received modificant solutions with H 2 O 2 , H 2 SO 4 and NaOH presented, respectively, vibrational stretches at the region of 3405, 3392 and 3389 cm −1 , assigned to O-H bonds of primary amides, amines and carboxylic acids and hydroxylic found in lignins, cellulose and water (Smidt and Meissl 2007; Movasaghi et al. 2008; Pavia et al. 2010) . The spectra at 2926 cm −1 for CNS H 2 O 2 , 2933 cm −1 for H 2 SO 4 and 2920 cm −1 for NaOH assigned to C-H bonds in alkanes, aliphatic acid groups and aldehydes or CH 2 assigned to lipids.
The 2855 cm −1 group found only for CNS H 2 O 2 and CNS H 2 SO 4 and also refers to the presence of lipids or bonds CH 2. These groups, according to Pavia et al. (2010) , are directly related to the carboxylic acid groups encountered by vibrational stretches at 1723 and 1730 cm −1 , respectively, for CNS H 2 O 2 and CNS H 2 SO 4 . According to the same author, when acids or peroxides are diluted in solvents the modification of C=O may occur, releasing carboxylic acids in the material. This may have occured due to the adsorbent being modified with H 2 SO 4 and H 2 O 2 . Other vegetable residues have presented the same functional groups as pie of Crambe abyssnica H. and Jatropha curcas L. (Rubio et al. 2013a, b; Coelho et al. 2014; Nacke et al. 2016) .
For modification with NaOH, it is observed a vibrational stretch in the region of 2144 cm −1 , related to the presence of hydrocarbons, alkynes nonterminal groups, with bonds C≡C (Pavia et al. 2010) , which may have been produced through saponification reaction due to the presence of derivatives of the LCNS (net of the shell of the cashew nut) (Mazzeto et al. 2009) .
The spectra at 1387, 1380 for CNS H 2 O 2 , H 2 SO 4 and NaOH can be related to N-H bonds of amines, CH 3 , C-O or CH (Smidt and Meissl 2007; Pavia et al. 2010) .
Only for the adsorbents CNS in natura and CNS H 2 SO 4 are observed a stretch at the region of 1153 and 1103 cm −1 and demonstrate the presence of polysaccharides of bonds C-O-P (Pavia et al. 2010 ). This group is absent in modified adsorbents with H 2 O 2 and NaOH, suggesting that the reaction with H 2 SO 4 is weaker in comparison with the other modifying agents.
The region stretches from 1061 cm −1 for CNS H 2 O 2 to 1064 cm −1 for CNS NaOH, suggesting the presence of sulfoxides bonds S=O, C-O from polysaccharides (Movasaghi et al. 2008; Smidt and Meissl 2007) . The groups at 671, 618, 621 cm −1 for CNS H 2 O 2 , H 2 SO 4 and NaOH can be related to S-O bonds of inorganic sulfate (Movasaghi et al. 2008; Smidt and Meissl 2007) .
The value of pH PZC for the cashew nut (CNS) in natura is 3.69 (Fig. 3) . It is observed, after the modifications (Fig. 3) , the occurrence of alterations on the point of zero charge for CNS H 2 O 2 , H 2 SO 4 and NaOH, being, respectively, 4.35, 2.50 and 6.92. This change already was expected, since the variation of pH PZC occurs according to power of alkalinization or acidification of each modifying solution, protonation, deprotonation or hydroxylation of chemical groups of the CNS Thermogravimetric analysis (TG) was performed to verify the thermal stability of the adsorbents from CNS after treatment with H 2 O 2 , H 2 SO 4 and NaOH (Fig. 4) .
For the adsorbents CNS modified with H 2 O 2 (Fig. 4a) , H 2 SO 4 (Fig. 4b) and NaOH (Fig. 4c) (Melzer et al. 2013; Moreira et al. 2017) . It is observed in Fig. 4 the loss of about 80% of masses of CNS H 2 O 2 , CNS H 2 SO 4 and CNS NaOH. These results demonstrate that the modified adsorbent materials are similar when it comes to its thermal stability.
The adsorption and desorption isotherms of BET for CNS adsorbents have the purpose of determining the specific surface area, as well as volume and pore diameter (Fig. 5) . Figure 5 shows a behavior of the BET type II adsorption isotherm with the negative concavity, characteristic of nonporous or low porous systems, representing the monolayer formation, in this step high energy demand (Khafaloui et al. 2003) .
According to occur predominantly superficially, with low possibility of intraparticle diffusion. The results in Table 3 suggest that the adsorbents have been effectively changed, showing that the modification process, in certain temperatures, can change the CNS biomass differently and may be favorable or not to the adsorption of metal ions.
Multivariate analysis of the influence of adsorbent mass and solution pH
According to Tables 4 and 5 , there was a significant difference at 5% of significance for the variable mass, for all the adsorbents at all cases. For Cr 3+ adsorption on CNS NaOH, significant differences for the variable mass, pH and interaction between both variables were found, and the same can be observed by Pareto graphs (Fig. 6) .
The Pareto graph (Fig. 6 ) also exhibits the results for variables mass and pH on adsorption of CNS adsorbents, highlighting the significance for both variables, except for Pb 2+ by CNS NaOH (Fig. 6 h) . Table 6 expresses the mathematical equations from the graphs exhibited in Fig. 7 .
Higher values of Q eq occurred with lower quantities of adsorbent material, i.e., 200 mg, or 4 g L −1 , CNS in natura and chemically modified with H 2 O 2 , H 2 SO 4 and NaOH. The increase in adsorbent mass can even in some cases decrease Q ads by forming clusters, reducing the total contact surface area and, therefore, the number of places available assets to the process (Rubio et al. 2013a; Kiran et al. 2013 ). Coelho et al. (2014) studied the removal of Cd 2+ , Pb and Cr 3+ by the shell of the cashew nut in natura and found that 600 mg was enough to occur removal of metal ions from cashews for the removal of Cd 2+ , Pb 2+ and Cr 3+ also used pH 5.0. As in the present work there was no significant difference for the variable pH, and the experiment was carried out at pH 5.0.
Influence of contact time and evaluation of the kinetic mechanism of adsorption
The influence of the contact time of ions Cd 2+ , Pb 2+ and Cr 3+ on the adsorbents CNS H 2 O 2 , CNS H 2 SO 4 and CNS NaOH features fast adsorption, decreasing with the increase in time (Fig. 8) .
For CNS H 2 O 2 , the occurrence of equilibrium in adsorption process at 40 min of stirring, with insignificant variations at higher periods of time, is observed in Fig. 8a . For CNS H 2 SO 4 (Fig. 8b) , the equilibrium also occurs at 40 min, with little variations among 160-180 min. For CNS NaOH (Fig. 8c) , the equilibrium is again observed at 40 min, with insignificant variations after this period. There is a tendency of depletion of the adsorption sites, suggesting that periods higher than 40 min may be impractical for large-scale systems.
The parameters of pseudo-first and second order, Elovich and intraparticle diffusion for Cd 2+ , Pb 2+ and Cr 3+ on the CNS modified with H 2 O 2 , H 2 SO 4 and NaOH are exhibited in Table 7 and Fig. 9 .
The pseudo-first-order, Elovich and intraparticle diffusion models not exhibited good fit to experimental data. Only the model of pseudo-second-order model exhibited good fitting, with values of Q eq(exp.) and Q eq(calc.) next to each other, suggesting the occurrence of chemisorption (Feng et al. 2011) . Only for Pb, the pseudo-second order did not exhibited values of Q eq (exp.) and Q eq (calc.) next to each other, and we cannot infer the same. Several experiments report good fits for pseudo-second-order models like Gonçalves Jr. et al. (2016) and Nacke et al. (2016) , when studying the kinetics of adsorption of the lump of Acai in natura and Jatropha curcas for Cu 2+ , Zn 2+ . Also Schwantes et al. (2015) and Schwantes et al. (2016) 
Efficiency of adsorption and desorption
The adsorbents in natura and H 2 O 2 exhibited a tendency to decrease the adsorption efficiency (%) of Pb with the increase in initial concentration of lead. For the adsorption of Cd by CNS H 2 SO 4 initially occurred adsorption increase, leading to a decrease soon followed, which may be related to the fact that the higher energy sites become saturated with the increase in the metal concentration and, only then, occur adsorption in lower energy sites, resulting in a decrease in adsorption efficiency (Bhattacharya et al. 2006) . The aforementioned result occurred for all evaluated cases, except for the adsorption of Pb by CNS NaOH, where there has been an increase in the removal efficiency, a fact that can be explained by the change of pH by the adsorbent material that alkalined the middle which may have precipitated the Pb.
In 3+ were found lower desorption rates such as 2.9, 9.9, 2 and 0.7%, respectively, for CNS in natura, CNS H 2 O 2 , CNS H 2 SO 4 and CNS NaOH (Fig. 10i-l) . Meneghel et al. (2013) , Rubio et al. (2013b) , Coelho et al. (2014) and Schwantes et al. (2015) also found lower desorption rates for Cr 3+ , respectively, using the adsorbents: Moringa oleífera L., Crambe abyssina H., cashew nut shell, cassava peels in natura; all authors state the Cr is probably chemisorbed by the biomass.
In most tests (Fig. 10) , the acidification of pH medium after adsorption was observed, being the adsorbents modified with H 2 SO 4 with greater acidification of medium. This process is usually related to the ion exchange (physics), such as the exchange of a cation (H + ) by other ions. For the adsorption of Cd 2+ and Cr 3+ by CNS H 2 SO 4 , there has been a slight alkalinization of the middle, fact that may be related to chemisorption, demonstrating that the adsorption process is complex, due to the influence of various mechanisms. When changes on pH occur, ionic exchange may happen in solution, due to the presence of organic functional groups (Mohan and Pittman, 2007; Bartczak et al. 2015) .
According to Fig. 11 , the isotherms exhibited for Cd 2+ adsorption by CNS in natura, H 2 O 2 and NaOH, Pb 2+ by all adsorbents and Cr 3+ by CNS H 2 SO 4 , are all classified as "L," in function of a decrease in the availability of active sites with the increase in metal concentration (Giles et al. 1960 ).
The class "L" demonstrates a tendency to equilibrium by the saturation of the active sites, as in monolayer system, that allows to infer the adsorption capacity (Montanher et al. 2005; Foo and Hameed 2010) . For the Cd 2+ adsorption by CNS H 2 SO 4 , and for Cr 3+ adsorption by CNS in natura, CNS H 2 O 2 and CNS NaOH (Fig. 11) , we found curves of C type, so-called Constant partition, which have a linear start, featuring a partition between the solute and the surface of the adsorbent, indicating a decreased availability of active sites (Giles et al. 1960) .
The mathematical parameters of Langmuir and Freundlich were obtained by linear models in accordance with Fig. 12 .
The adsorption results showed good fit for Langmuir for the adsorption of Cd 2+ by CNS in natura, CNS H 2 O 2 and CNS NaOH, while for adsorption of Pb 2+ all adsorbents exhibited good fit for Langmuir.
For Cr 3+ , no good fit was found by Langmuir. However, for Freundlich, good fit was found for Cd 2+ adsorption by CNS in natura and CNS H 2 O 2 , for Pb 2+ adsorption by CNS NaOH and for Cr 3+ adsorption by CNS in natura and CNS H 2 O 2 . The parameter R L of Langmuir indicates a favorable adsorption process by the values between 0 < R L < 1, except for Pb 2+ adsorption by CNS NaOH and Cr 3+ CNS in natura, CNS H 2 O 2 and CNS H 2 SO 4 (Sun et al. 2013) (Table 8) . The higher Q m values for CNS at adsorption of Cd 2+ followed the order CNS NaOH > CNS in natura > CNS H 2 O 2 , with values of 47.5059, 12.5455 and 10.0301 mg g −1 . The adsorption of Pb 2+ followed the order CNS in natura (27.1297 mg g −1 ) > CNS H 2 SO 4 (13.45501 mg g −1 ); however, these values underestimate those found by isotherms (Fig. 11) (Table 8) , with low affinity/selectivity of metal-ligand interaction, suggesting that these ions are released into solution very easily. The n parameter determines the Freundlich reactivity of active sites, and it is related to the solid heterogeneity. As can be seen in this research, n values below 1 are found only for Pb 2+ adsorption by CNS NaOH and Cr 3+ CNS in natura, CNS H 2 O 2 and CNS H 2 SO 4 , and all other values were higher than 1 (Table 8) . In cases where n values approach 1, it is a strong indication of the presence of highly energetic sites or the occurrence of cooperative adsorption, involving interactions between molecules of the own adsorbate (Khezami and Capart 2005) . But to Skopp (2009) , when n > 1, that do not reflect a good fit, for lack of physical sense. El-Latif and Elkady (2010) , is used to verify that the nature of the adsorption process is chemical or physical (Table 9) .
Dubinin-Radushkevich model (D-R), according to Abd
In Table 9 , we can observe the average energy of sorption (E). If the value of E > 8 kJ mol −1 , there is a predominance of chemical adsorption in the system; however, if E < 8 kJ mol −1 the nature of the process is physical (Wan Ngah and Hanafiah 2008) . According to the values of E occurs the predominance of chemisorption for the removal of Cd 2 , corroborating the results found by the pseudo-second order (Table 7) . For Pb 2+ , E values suggest chemisorption only for CNS in natura and Cr 3+ for CNS in natura, CNS H 2 SO 4 , CNS NaOH (Table 9 ) (Wan Ngah and Hanafiah 2008) .
The differences found between the evaluated materials are due to the different applied modifications, as already observed in Tables 2 and 3 , Figs. 1, 2, 3, 4 and 5, referring to the characterization of the adsorbent materials, since the solutions of H 2 O 2 , H 2 SO 4 and NaOH caused changes in the behavior of the resulting adsorbents . (e-h) and Cr 3+ (i-l), respectively, by the CNS in natura (Coelho et al. 2014) and modified with H 2 O 2 , H 2 SO 4 and NaOH. Source: the author increasing the estimated adsorption capacity by 370× when compared to the biosorbent values.
Adsorption thermodynamics
In Table 10 can be observed the thermodynamics parameters for adsorption of Cd 2+ , Pb 2+ and Cr 3+ on the shell of cashews (CNS) in natura and chemically modified with H 2 O 2 , H 2 SO 4 and NaOH.
As can be observed in Fig. 12 Linearization of the mathematical models of adsorbent materials: CNS in natura (Coelho et al. 2014) (Mimura et al. 2010) .
Positive values of entropy (ΔS), as observed for Pb 2+ adsorption by CNS NaOH, and Cr 3+ adsorption by CNS in natura and CNS NaOH (Table 10) , suggest a system disorder, probably due to an increase in the disorder of solid-solution interface, indicating randomness on solid-solution interface (Rao and Khan 2009 ).
Conclusion
The adsorbents from the cashew nut shell (CNS) chemically modified with NaOH, H 2 SO 4 and H 2 O 2 , exhibited differences between the presence of chemical elements, morphology, porosity, point of zero charge, except for thermal stability.
The infrared spectra demonstrated the existence of anionic functional groups (hydroxyl, carboxylic acid and amines) with differences in structure between the modified adsorbents, such as the presence of polysaccharides of bonds C-O-P for CNS H 2 SO 4 , carboxylic acids to CNS H 2 O 2 and CNS H 2 SO 4 and hydrocarbons to CNS NaOH.
The variation of pH caused little influence in adsorption tests; however, the mass of 200 mg (4 g L −1 ) demonstrated the best adsorption rate, occurring in time of 40-min balance.
The kinetic models of pseudo-first order, Elovich and intraparticle diffusion did not fit to experimental data, and good fiting was only found by the model of pseudo-second order, suggesting chemisorption.
The parameters of Langmuir were satisfactory for Cd 2+ adsorption by CNS in natura, CNS H 2 O 2 and CNS NaOH, The model of Dubinin-Radushkevich suggested the predominance of chemisorption, according to the values of energy sorption (E) for the adsorption of Cd 2+ on all studied adsorbents. D-R suggests also the chemisorption of Pb 2+ by CNS in natura and for the Cr 3+ adsorption by CNS in natura, CNS H 2 SO 4 , CNS NaOH.
When compared to CNS in natura, the shell of the cashew nut modified with H 2 O 2 and H 2 SO 4 and NaOH has potential for high efficiency removal of metal from water, being the best adsorption rates of Cd 2+ obtained after modification with H 2 O 2 and NaOH, and for Pb 2+ adsorption best results were found for CNS H 2 SO 4 and for Cr 3+ with CNS NaOH.
